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(54) Electric power steering apparatus 

(57) To obtain an electrically-operated steering 
apparatus in which in addition to evading an increase in 
cost caused by newly installing a sensor or using a high 
process speed CPU. steering feels, such as steering 
wheel return, viscous feeling, inertial feeling and fric- 
tional feeling, can be improved. 

In addition to assisting a static steering torque on 
the basis of a torque sensor (2). with a motor-applied 
voltage detection circuit (5) capable of removing the 
square wave component attendant on the PWM drive of 
a motor provided, a motor angular velocity o is estimated 
from the output data of the rel evant circuit. A motor angu- 
lar acceleration dco/dt is estimated from the motor angu- 
lar velocity co by using a differential calculator. The 
steering friction and the moment of inertia are compen- 
sated on the basis of the motor angular velocity co and 
motor angular acceleration dco/dt. respectively 
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Description 

BACKGROUND OF THE INVENTION 
5 Field of the Invention 
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The present invention relates to a power steering wherein steering assisting to«,ue is generated by a motor. 
Descrir>tinn nf fhft Rftlflt"^ ^"^^ 

Conventionally, an electrically-operated power steering system is provided with a toraue .^..ncor f«r ♦h ♦ 
Sisnal by eaimming the induced voHage of . ™»r h^b^^^S ' """"" *'"™"' "^'""••K"* 

r^. J^? ^K?. ""^^"^ ' ° P^'^"'"^ ^"^^ ^ ~"»«" detected Xe la«^ oS^^ 

value va of motor-applied voltage to motor angular-velocity calculation means 11 asoeteaea 
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d co/dt is determined by differentiating the motor angular velocity estimate <o and given to inertia compensating current 
calculating means 15. 

In motor angle calculation means 12, the motor angle 0 is determined by integrating the motor angular velocity 
estimate co and given to viscous-friction compensating current calculating means 14. In viscous-friction compensating 

£ current calculating means 14, a feeling of viscosity is imparted to steering feel from the vehicle speed Vs. the motor 
angular velocity estimate co and the motor angle estimate © and moreover a viscous-friction compensating current target 
Id, effective for enhancing the convergence of steering wheel return likely to worsen particularly during high-speed 
driving, is calculated. Then, this target Id is subtracted from the steering-force assist current target Is in an adder. 
Inertia compensating current calculation means 15 calculates from the motor angular acceleration estimate d aVdt 

10 inertia compensating current target Ij. effective in alleviating the feeling of inertia to make the steering force heavier 
under influence of the inertial moment of the rotor in a motor 1 especially at the time of reversal in steering direction, 
and adds the target obtained to the steering-force assist current target Is. In this manner, by subtracting the viscous- 
friction compensating current target Id from and adding the inertia compensating current target Ij to the steering-force 
assist current target Is, the motor current target la* is found and given to motor current control means 10, so that the 

15 motor current is controlled in the following simitar procedure. 

Here, the function of motor angular velocity calculation means 1 1 will be described in detail. Assuming the motor 1 
Is a separately excited DC motor, the equivalent circuit of the armature in the motor 1 can be expressed as FIG. 43, where 

Ra: Armature resistance; 
20 La: Armature impedance; 
Ve: Motor induced voltage; 
Va: Motor applied voltage; and 
la: Motor current. 

25 In FIG. 43, on neglecting the transient term based on the armature inductance La. Va can be expressed in the 
following equation (1): 

Va = la*Ra + Ve (1) 

30 Letting 

Ke: Motor-induced voltage constant; and 

com: Motor angular velocity; 

35 Ve is expressed in the following equation (2): 

Ve = Ke • com (2) 

Thus, the following equation (3) is obtained from Eqs. (1) and (2): 

(om = (Va - la • Ra)/Ke (3) 

Now, as Ra and Ke are constants the detected values can be used for Va and la, the motor angular velocity can 
be estimated by expressing Eq. (3) as Eq. (4). 

a> = (Va^"^-la®"* •Ra)/Ke (4) 



40 



45 



where 

o> = Motor angular velocity estimate; 
so Va^"s = Detected value of motor applied voltage; and 

la®"® = Detected value of motor current. 
Assuming that the motor 1 is PWM-driven, the relation between Va and la Is nearly as shown in FIG, 44 and repeats 
a transient phenomenon at each switching between power running and regenerative running. Generally, the PWM carrier 
period is set to be sufficiently short for the electric time constant of a motor 1 . so that la can be regarded as DC but Va 
55 becomes a square wave. Thus, for finding the motor angular velocity co in accordance with Eq. (4). it is necessary to 
remove the square wave component of Va and ok>tain the time average of Id. 

In motor angular velodty calculation means 1 1 , after sampling the detected value of square-waved motor-applied 
voltage, the square wave component is removed by using a digital filter and co is calculated in according with Eq. (4), 
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With a conventional electrically-operated power steering apparatus, a motor is PWM-driven to suppress the heating 
of a switching element for motor drive control and the P WM carrier frequency is set to around 20 kHz outside the audible 
frequency band to prevent noise from occurring in the motor drive as described above. Thus, if it is an^nged as with a 
conventional apparatus for the motor angular velocity calculation means to be implemented by software processing and 
5 for the square wave component of the motor-applied voltage Va to be removed by using a digital filter, the sample 
frequency must be set to a very high level to accurately calculate the motor angular velocity co and consequently the 
software processing is heavily overloaded, thereby leading to the problem of having to use an expensive CPU with high 
processing speed. 

In addition, the armature resistance Ra includes wiring resistance between the motor and the controller and contact 
10 resistance of a connector and the variation in the armature resistance of individual motors is large. Furthermore, the 
armature resistance Ra varies under the influence of temperature, such as heating in the flow of a heavy current. Thus, 
errors are naturally considered to be contained in armature resistance. Here, letting ARa be the error between the Ra 
used for calculation in accordance with Eq. (4) and the actual Ra, the motor angular velocity co can be expressed in the 
following equation (5). 

15 

io = {Va - la • (Ra + A Ra)}/Ke (5) 

It is found from the above eq. (5) that an error in Ra appears as an error in co and the resultant error is proportional 
to the motor current la. Accordingly, a conventional apparatus has a problem that, when a heavy current flows through 
20 a motor, a DC error in cok i.e.. offset is generated. As a result, there occurs a problem when turning curve, for example, 
that o) does not become 0 in spite of holding the steering wheel. 

Furthermore, it is difficult to implement the differential calculation section (refer to 12 in FIG. 41) for accurately 
calculating a motor angular acceleration estimate dca/dt from the motor angular velocity co and the sampling frequency 
must be set high to implement a noiseless and accurate differential calculation that can be used for the control of a 
25 Steering system especially by means of software processing. 

This is because the motor angular acceleration estirnate dca/dt is abundant in noise which is obtained from differential 
calculation at a sampling frequency implementable by the slow processing speed, inexpensive CPU's, widely used in 
an electrically-operated power steering apparatuses. Thus, there has been a problem that using an inexpensive CPU 
for cost-saving in the control of an electrically-operated power steering apparatus causes a ripple to be generated in 
30 motor current, the steering wheel to vibrate or noise to occur. 

On the other hand, compared with a manual steering, steering wheel return when grip is loosened worsens, espe- 
cially in the low vehicle speed region where the restoring force of wheels to the neutral position is small, because of the 
moment of inertia intrinsic to a motor attached to the steering mechanism and friction caused by the gear coupling the 
motor to the steering system with an electrically-operated power steering apparatus. Besides this, there has been another 
35 problem that the feedback of motor angular velocity obtained in software processing improves the convergence of steer- 
ing wheel return in the high vehicle speed region but worsens more in steering wheel return in the low vehicle speed 
region and the steering wheel does not easily return to the neutral position when getting back to a straight road after 
the completion of turning a curve. 

Furthermore, there is yet another problem in that the friction of a gear coupling the motor to the steering system 
40 weighs the steering feeling near neutral, i.e.. center feel, during driving and causes a so-called f notional feeling. Similarly, 
the negative feedback of motor angular velocity as in conventional apparatuses has tended to worsen this problem. 

Summary of the InverTtion 

45 For solving these problems, it is one object of the present invention to provide an electrically-operated power steering 
apparatus capable of eliminating the troubles related to steering wheel retum. viscous feeling, inertial feeling and the 
like and of improving the feeling of steering without the need to newly install a sensor or use a high processing speed CPU. 

An electric power steering apparatus according to one aspect of the invention comprises: a motor connected to the 
steering system; PWM control means for driving and controlling said motor on the basis of a PWM modulated control 

50 signal; motor-applied voltage detection means having a low pass characteristic for converting the detected voltage 
applied to said motor to a predetermined level after removing said PWM carrier frequency component therefrom with 
the aide of the low-pass characteristic and outputting the resultant voltage wherein the cutoff frequency set below the 
PWM carrier frequency contained in said control signal; angular velocity estimation means for estimating the angular 
velocity of said motor on the basis of the detected motor-applied voltage: and current value calculation means for cal- 

55 culating the current target of said motor on the estimated result of angular velocity. Thus, there is an advantage that, by 
estimating said motor angular velocity on the detected value of motor-applied voltage, detected after removing the square 
wave component in a circuit having a low-pass characteristic, on the basis of the detected value of motor-applied voltage 
wherein the cutoff frequency is lower than the PWM carrier frequency used for the drive of the motor, the motor angular 
velocity can be accurately estimated even for a lower sampling frequency than that of a conventional apparatus. 
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An electric power steering apparatus according to another aspect of the invention comprises: a motor connected 
to the steering system; PWM control means for driving and controlling said motor on the basis of a PWM modulated 
control signal: motor terminal vohage detection means having a low-pass characteristic for converting the detected 
terminal voltage of said motor to a predetermined level after removing said PWM can-ier frequency conponent therefrom 
with the aide of the low-pass characteristic and outputting the resultant voltage wherein the cutoff frequency set below 
the PWM carrier frequency contained in said control signal; angular velocity estimation means for estimating the angular 
velocity of said motor on the basis of the detected motor terminal voltage; and current value calculation means for 
calculating the current target of said motor on the estimated result of angular velocity. Thus, there is an advantage that 
by estimating said motor angular velocity on the detected value of motor-applled voltage, detected after removing the 
square wave component in a circuit having a low-pass characteristic, on the basis of the detected value of motor terminal 
voltage wherein the cutoff frequency is lower than the PWM carrier frequency used for the drive of the motor, the motor 
angular velocity can be accurately estimated even for a lower sampling frequency than that of a conventional apparatus. 

In a preferred form, the motor angular velocity estimate Is clipped below a predetermined value in accordance with 
a current through said motor Thus, there Is an advantage that, by correcting the motor angular velocity estimate in 
accordance with a current through said motor, an error in said motor angular velocity estimate can be reduced. 

In another preferred form, the motor angular velocity estimate is clipped below a predetermined value in accordance 
with the steering torque. Thus, there is an advantage that, by correcting the motor angular velocity estimate in accordance 
with the steering torque, an error in said motor angular velocity estimate can be reduced. 

In yet another preferred form, the motor angular velocity estimate is clipped to 0 if the calculated result of motor 
angular acceleration Is below a predetermined value. Thus, there Is an advantage that an error In said motor angular 
velocity estimate can be reduced. 

In still another preferred form, the motor angular velocity estimate Is subjected to a high-pass filtering If said PWM 
carrier frequency is above a predetermined frequency Thus, there. is an advantage that the offset of motor angular 
velocity estimate can be removed. 
25 In a further prefen-ed form, the motor angular acceleration is estimated by differentiating the motor angular velocity 

estimate. Thus, there Is an advantage that the motor angular acceleration can be accurately estimated even for a lower 
sampling frequency than that of a conventional apparatus. 

In a further preferred form, the differential processing has a band pass characteristic. Thus, there is an advantage 
that the motor angular acceleration can be accurately estimated even for a lower sampling frequency than that of a 

rxkriv/ontinnai anna rati le 
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In a further preferred form, the motor angular velocity estimate is subjected to a low-pass filtering having a cutoff 
frequency nearly equal to the high-region cutoff frequency of the band pass characteristics at the time of differential 
processing. Thus, there is an advantage that the phase relation between the motor angular velocity estimate and the 
motor angular acceleration can be kept normal. 
35 In a further preferred form, the motor angular acceleration estimate is clipped to 0 if the calculated result thereof is 
below a predetermined value. Thus, there is an advantage that noise contained in the motor angular acceleration estimate 
can be removed. 

In a further preferred form, the motor angular velocity estimate is positively fed back to the steering control system 
and, in accordance with the positive feedbacK the motor current passing is clipped below a predetermined value based 
40 on the friction of the steering system. Thus, there is an advantage that, by conpensating the Coulomb friction of the 
steering system, the feeling of steering can be upgraded. 

In a further preferred form, in clipping the motor angular velocity estimate In accordance with the positive feedback 
of the motor angular velocity estimate, the motor current value or the positive feedback gain of motor angular velocity 
is changed depending on at least either one of said motor angular velocity estimate and said vehicle speed. Thus, there 
is an advantage that the feeling of steering can be upgraded. 

In a further preferred form, differentiation means for Increasing the motor current flowing through in accordance with 
the positive feedback of the motor angular velocity estimate at the rising time is provided. Thus, there is an advantage 
that, especially by compensating tiie static friction of the steering system, steering feel can be upgraded. 

In a further preferred form, steering control based on the angular velocity is performed by the negative feedback of 
the motor angular velocity estimate. Thus, there is an advantage that, especially by compensating the viscous friction 
of the steering system, steering feel can be upgraded. 

In a further prefen-ed form, the negative feedback gain of said motor angular velocity estimate is changed depending 
on at least either one of said motor angular velocity estimate and said vehicle speed. Thus, there is an advantage that 
the worsening of frictional feeling can be prevented, or by a change In feedback gain dependent on vehicle speed, the 
55 worsening of steering wheel return at low vehicle speed can be prevented. 

In a further prefenred form, steering control based on said motor angular acceleration is performed by the positive 
feedback of said angular acceleration estimate. Thus, there isan advantage that, especially by compensating the moment 
of inertia of tiie steering system, steering feel can be upgraded. 
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In a further preferred form, the positive feedback gain of said motor angular acceleration estimate is changed depend- 
ing on at least either one of said motor angular acceleration estimate and said vehicle speed. Thus, there is an advantage 
that the vibration of a steering wheel near the steering wheel neutral point can be prevented, or by a change in feedback 
gain dependent on vehicle speed, the most comfortable steering feel can be realized. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a hardware block diagram of a control according to one embodiment of the present invention; 

FIG. 2 is a software block diagram of a control according to one embodiment of the present invention; 

FIG. 3 is a graph showing the DC characteristic of a motor-applied voltage detection circuit in a control accoiding 

to one embodiment of the present invention; 

FIG. 4 is a graph showing the frequency characteristic of a motor-applied voltage detection circuit in a control accord- 
ing to one embodiment of the present invention; 

FIG. 5 is a graph illustrating a method for setting the cutoff frequency in a motor-applied voltage detection circuit or 
a motor terminal voltage detection circuit in a control according to one embodiment of the present invention; 
FIG. 6 is a flowchart illustrating the operation of motor angular velocity calculation means in a control accoiding to 
one embodiment of the present invention; 

FIG. 7 is a graph illustrating the relation between the coefficient for correcting a motor angular velocity estimate and 

the motor current in a control according to one embodiment of the present invention; 

FIG. 8 is a graph illustrating the relation between motor current and motor angular velocity in a DC motor; 

FIG, 9 is a flowchart illustrating the operation of motor angular acceleration calculation means in a control accoiding 

to one embodiment of the present invention; 

FIG. 10 is a block diagram illustrating the operation of motor angular acceleration calculation means in a control 
according to one embodiment of the present invention; 

FIG. 1 1 is a graph showing the frequency characteristic of motor angular acceleration calculation means in a control 
according to one embodiment of the present invention; 

FIG. 12 is another graph showing the frequency characteristic of motor angular acceleration calculation means in 
a control according to one embodiment of the present invention; 

FIG. 13 is a flowchart illustrating the operation of Coulomb-friction conrpensation cunrent calculation means in a 
control according to one embodiment of the present invention; 

FIG. 14 is a graph illustrating the relation between the motor angular velocity estimate and the vehicle speed and 
the Coulomb-friction compensation current in a control according to one embodiment of the present invention; 
FIG. 1 5 is a flowchart illustrating the operation of viscous-friction compensation current calculation means in a control 
according to one embodiment of the present invention; 

FIG. 16 is a graph illustrating the relation between the motor angular vetocity estimate and the vehicle speed and 
the viscous-friction compensation current in a control according to one embodiment of the present invention; 
FIG. 1 7 is a flowchart illustrating the operation of inertia compensation current calculation means in a control accord- 
ing to one embodiment of the present invention; 

FIG. 18 is a graph illustrating the relation between the motor angular velocity estimate and the vehicle speed and 

the inertia compensation current in a control according to one embodiment of the present invention; 

FIG. 19 is a graph illustrating the relation between the coefficient for correcting the motor angular velocity estimate 

and the steering torque In a control according to another embodiment of the present invention; 

FIG. 20 is a flowchart illustrating a method for correcting the motor angular velocity estimate in a control according 

to a third embodiment of the present invention; 

FIG. 2 1 is a graph illustrating the relation between the ttireshold for correcting the motor angular velocity estimate and 
the motor current in a control according to a third embodiment of tine present invention; 

FIG. 22 is a flowchart illustrating a method for correcting the motor angular velocity estimate in a control according 
to a fourth embodiment of the present invention; 

FIG. 23 is a block diagram illustrating the relation between means for correcting the motor angular velocity estimate 
and means for calculating the motor confrol cun-ent in a control according to a fifth embodiment of the present 
invention; 

FIG. 24 is a block diagram illustrating the relation between means for correcting the motor angular velocity estimate 
and motor angular acceleration calculation means in a control according to a sixth embodiment of the present inven- 
tion; 

FIG. 25 is a set of graphs illustrating the relation between means for correcting the motor angular velocity estimate 
and motor angular acceleration calculation means in a control according to a seventii embodiment of the present 
invention; 
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FIG. 26 is a block diagram illustrating the relation between means for conrecting the motor angular velocity estimate 
and motor angular acceleratfon calculation means and means for calculating the motor control current in a control 
according to a seventh embodiment of the present invention; 

FIG. 27 is a graph illustrating a method for correcting the motor angular acceleration estimate in a control according 
to an eighth embodiment of the present invention; 

FIG. 28 is a graph illustrating the relation between the motor angular velocity estimate and the Coulomb-friction 
compensating current in a control according to a ninth embodiment of the present invention; 
FIG. 29 is a graph illustrating the relation between the motor angular velocity estimate and the Coulomb-friction 
compensating current in a control according to a tenth embodiment of the present invention; 
FIG. 30 is another graph illustrating the relation between the motor angular velocity estimate and the Coulomb- 
friction compensating current in a control according to a tenth embodiment of the present invention; 
FIG. 31 is a block diagram illustrating a method for compensating the static friction in a control according to an 
eleventh embodiment of the present invention; 

FIG. 32 is a flowchart illustrating a method for compensating the static friction In a control according to an eleventh 
T5 embodiment of the present invention; 

FIG. 33 is a graph illustrating the relation between the differential value of motor angular velocity estimate and the 
static friction compensating current in a control according to an eleventh embodiment of the present invention- 
FIG. 34 IS a block diagram illustrating another method for compensating the static friction in a control according to 
an eleventh embodiment of the present invention; 

FIG. 35 is a graph illustrating the relation between the motor angular velocity estimate and the viscous-friction 
compensating cun-ent in a control according to a twelfth embodiment of the present invention; 
FIG. 36 is a graph illustrating the relation between the motor angular acceleration estimate and the viscous-friction 
compensating current in a control according to a thirteenth embodiment of the present invention; 
FIG. 37 is a hardware block diagram of a control according to a fourteenth embodiment of the present Invention- 
FIG. 38 IS a graph showing the DC characteristic of a motor terminal voltage detection circuit in a control according 
to a fourteenth embodiment of the present invention; 

FIG. 39 is a graph showing the frequency characteristic of a motor terminal voltage detection circuit In a control 
according to a fourteenth embodiment of the present invention; 

FIG. 40 is a flowchart illustrating a method for calculating the motor-applied voltage in a control according to a 
30 fourteenth embodiment of the present invention; 

FIG. 41 is a block diagram showing the an-angement of a conventional control; 

FIG. 42 is a graph illustrating the relation between the steering torque and the steering assist current for the present 
invention and a conventional control; 

FIG. 43 is an equivalent circuit diagram of a DC motor armature; and 
35 FIG. 44 is a waveform graph showing the relation between the motor-applied voltage and the motor current in the 
PWM drive of a DC motor. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Hereinafter, prefen-ed embodiments of the present Invention will be described in detail while referring to the accom- 
panying drawings. Throughout the embodiments. like symbols denote parts or elements similar or equivalent to those in 
FIG. 41. ' 

EmiDodiment 1 

FIG. 1 is a structural view of a controller section of an electrically operated power steering apparatus in accordance 
with an Embodiment 1 of the present invention. Output of a toque sensor 2 is input to the A/D converter 8f described 
later via a torque sensor input l/F 2a for DC amplification an phase compensation. Output of a vehicle speed sensor 3 
is input to the input/output port 8e via a vehicle sensor input l/F 3a: 

Current through a motor 1 is converted with a current detecting resistor 4a to a predetermined vohage in a motor 
current detection circuit 4. comprising a sample/hold circuit 4b for sampling the voltage between both ends of the current 
detecting resistor 4a during the power running time, holding it during the regenerative running time and anplifying the 
held voltage in an amplification circuit 4c. 

Voltage between the terminals of a motor 1 is converted to a predetermined voltage level by passing through a 
motor-apphed voltage detection circuit 5 having a low pass filter characterized by lower predetermined pass frequency 
than the PWM earner frequency and input to the A/D converter 8f described later. The motor-applied voltage detection 
circuit 5 comprises an OP amplifier 5j and filter constants composed of resistors 5a - 5g and capacitors 5h - 5i 

An H-shaped bridge circuit 7 for passing current for right-handed and left-handed rotations comprises four bridge- 
connected power MOSFETs 7a • 7d to be driven by FET drivers 6a - 6d. A microcomputer 8 for outputting a drive signal 
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to H-shaped bridge drive circuit 6 comprises: a CPU 8a; a ROM 8b for storing programs and the like: a RAM 8c for 
ternporarily holding data and the like: a pulse width modulator 8d connected to FET drivers 6a. 6c for generatino a oulse 
to dnve the motor l: I/O port 8e connected to FET drivers 6b. 6d and connected via vehicle speed seninZ K 
^vT!^°?' ^J^° ^* "'""ected to the output of the motor current detection circuit 4 and 

5 that of the motor-applied voltage detection circuit 5 and connected via a torque sensor input l/F 2a to the toraue sensor 
2: and a timer 8g to be used for managing the control period or the like. 

FIG. 2 is an SW b\ock diagram of the steering control processed by the CPU 8a. To steering force assist current 

S^h" fil^ ? "^^^^ «««««"9 s»eering torque, the steering toZe 

Vt detected by the to«,ue sensor 2 and the vehicle speed Vs detected by the vehicle speed senso 3 arelSZ^l 
10 steering force assist current target Is is output therefrom. oareinpinanaine 

la- «lHri°l^!!J T^^^ ' ° "'"i™'""^ *'^™"9h the motor 1 . the motor current target 

la and the delected value of motor current la*- detected by motor current detection means 4 are input and a moZ 
dnve signa « output therefrom on the basis of both input values of motor current. To motor angular veSty calcuS 

H . j'^®'^^''^'^'^°'-^f^''«'^'^*^9^'"«^"s5andthedetectedvalueofmotorcurrentla«"-d^^^ 
dete2onmeans4areinput and the motor angular-velodtye^^ 

.nr,2ZTJ"^!^':T'*^'^^°" calculation means 12. the motor angular-velocity estimate calculated by motor 
t^S thi.1^oS ' ' angular-acceleration estimate d c^dt obtained by diffe^n- 

tiating th.s motor angular-velocity estimate a, is output therefrom. To Coulomb-friction compensating current <ilcuSbn 
means 12 for calculating the motor current for compensating the Coulomb friction of the steering Jstem te mS 
angular-veloaty estimate o> and the vehicle speed Vs detected by the vehicle speed sensor 3 are i^ut aiS^ cLT^Z 
fncton compensating current target Ic is output therefrom on the basis of these input values ^"^^^ 

To viscous-friction corrpensating current calculation means 1 4 for calculating the motor current for compensatina 

thltSi ^^fhl °I ^ f ^ -nput and a viscous-friction compensating motor current target Id iroulput therefrom on 

Sr 'ST ^° calculation means 1 5 for calculatingTe motor cuin" 

L^^ort^r^ ^^^''"^ angular-acceleration estimate d ca/dt is input 

and an inertia compensating motor current target Ij is output therefrom 

circuH t^e^Tc^vtr'' ^ frequency characteristic of a motor-applied voltage detection 

f ""^^ ^ ^^"'"S *'® frequency of a motor-applied voltage detection circuit 5 

« .f 'f means 11. while FIG. 7 illustrates 

a coefficient K1 for connecting the motor angular velocHy estimate co. "=»i>c.ies, 

FIG. 8 illustrates the relation between the motor current la and the motor angular-velodly am 
FIG. 9 IS a flowchart to illustrate the operation of motor angular acceleration calculation means 12. FIG 10 isa block 
diagram represenbng the function of motor angular acceleration calculation means 12. FIGS. 11 and 12 indicate tiSe 
frequency characteristics thereof. • ■ ww it inaicaie me 

p|? \l \f <° operation of Coulomb-friction compensating current calculation means 13 

cn..inmh Itt!!! ' °" ^^"^ ^"9"'^' «> and the vehicle speed Vs and the 

Coulomb-friction compensating current Ic. k ^ «■« uw 

16 ilifiTJf J!i!.*'7?^ ^ "'"^f *^ operation of viscous-friction compensating current calculation means 14. FIG 

coiI5^i««n^u.^^^^^^ ^ " ^^•^''"^ V« ^ viscous-friction 

iih«t«LlI ! 'towchart to illustrate the operation of inertia-compensating current calculation means 15. FIG 18 

;!S^Cn«lSi cua^ r°"^ speed Vs and the inertla- 

the »I?re;^.Tn%?r ? fc ^^'^1* '^^'^^ ^^^'^ P«ss'"9 the direction of 

r,!itrJ nne in FIG.:1 as one example. In accordance with an instruction of the microcomputer 8. the FET driven 6b 
fiCtwl!? ^OSFETs 7b and 7c. the FET driver 6d turns ON the power MOSFET 7d and the FCTdTive^ 

6a PWM-drives the power MOSFET 7a at a predetermined duty ratio 

Depending on the ON or OFF state of the power MOSFET 7a. motor current la flows along the path indicated bv 
Turr^r; .^^-S «• t''«:^9«"«'««>'e running in FIG. 1. respectively. In the motor current detection dr^H 4 the mot^r 
current la is first converted into voltage by the current detecting resistor 4a. However during the regenerative mnnho 
time, the motor current la does not flow through the current detecting resistor 4a as shown in F^G 1 ^ s ^aso" 

wh.lethepowerMOSFET7aisON.i.e..duringthepowerrunningtime.voltagebetweenbothe,SsShe^^^^^ 

resistor 4a « sampled in the sample hold drcurt 4b and the sampled voltage is held while the pow" MOS^Ir 7at^^^^^^ 

i.e.. dunng the regenerative running lime. Thereafter, the held voltage is amplified at a predetermined gain in the ampU- 
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fication circuit 4c. input to the A/D converter 8f in the microcomputer 8 and digitally converted. Then, the digitally con- 
verted current is detected by the microcomputer 8. "a«««'ycon 
The motor-applied voltage detection circuit 5 removes the square component appearing in the motor-appDed voltage 
Va in assoaation with the PWM drive and moreover inputs the resultant component to the A/D converter 8f after con- 
verting It to a predetermined voltage level so that input to A/D converter 8f becomes possible 

Here the motor-applied voltage detection circuit 5 will be described in detail. Regarding the OP amplifieras an ideal 
OP amplifier and assuming that 

R11=R21 = R1 

R12 = R22 = R2 (7j 
011 =C21 eCl 

15 the relation between the motor-applied voltage Va and the detected value of motor-applied voltage Va«"* in s-reqion (s- 
Laplace operator) is found as follows: region is. 
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Va^"* = VI + (Va • (R2/R1))/(1 + (Cl • R2 - s)) 



(9) 



r^^*?^ ^ ^' ^ '^^"^ attaching the first-oider retaliation 

characteristic of a time constant C1 • R2 to the R2/R1 divided voltage of Va and further adSing the result to a D?bia8 
rSrtVeiy. characteristic and the frequency characteristic become as shown in FIG. 3 and in FIG. 4. 

^"I^S^h " u ^^'^^^ *° ^1 a* center (e.g.. 2.5V) of the input voltage range (e.g.. 0 to 5V) of the A/D 
converter 8f. Furthermore, as for resistor R11 = R12 = R1 . R21 = R22 = R2 and c^citor Cl1 = C21= Cl R2/rVS 
of 5^" fhTT/n^' T ^"^9V«"9« °' Va (e.g.. -12 to 12V) is changed in level to the input voltage range (e.g.. 
0 to 5V) of the A/D converter 8f. And. as shown in FIG. 5. the cutoff frequency fc = 1/(2k • 01 • R2) is set in such a 
"H^Z!^* ^°J^^ sufficiently lower than the PWM earner (e.g.. 20 kHz) and to be sufficiently higher than the motor 
response function (e.g.. some hundred Hz). 

nf mTt^'! "TL*^'! snfi^ ^"^"^ =*®«""9 ^y^^^'" controllable and the detected value 

of motor-^plied voltage V&«"« from which the square wave component has been removed can be input to the A/D 

convGrtor of. 

Next, the operation of software according to this embodiment will be desaibed by referring to FIG 2 Steering -force 

c^S^Tom ^^^^ °l ^^^""^ ^"'"^"^ ^"^ «"9"'«^ velocity estimate is 

calculated from the detected value of motor-applied voltage and that of motor current and a motor angular acceleration 

^calculated from the calculated resurt. Furthermore, eachcompensating current te^^^ 

motor angular velocity estimate and motor angular acceleration estimate, motor current target is determined by adding 

rifSf« If f '.'^^^ ^^l^'!? l"""*"* ^'^^ ^ ^ '^P«^*^« compensating current targets together 

from these calculated results and the feedback control of this motor current target is performed. Such an outSne of 

f T ^"^."^ ^ apparatus. In addition, steering-force assist current calculation means 9 and 

SrSorttS.'^"^'^ 

Hereinafter, the operation will be described for each block. Hrst. motor angular velocity calculation means 1 1 cal- 
culates a riio or angular velocity estimate u> from the detected value of motor-applied voltage Va»'« and that of motor 
currait la"™ in accorelance with Eq. (4). Referring to the flowchart of FIG. 6. this procedure will be desaib^ 
i^^'^lT^,^!^^!j^°^Z"''^^.'^T.°^ '^^'^'^^ °* ""otor-applied voltage Va-» and that of motor current 
Lm 1 loM in^l M ^® "* ^'"^'^ resistance Ra and meter-induced voltage constant Ke is read 

iTHf^L^ 7 J r^Jr"^ *° ^ predetermined la»™ - K1 table, the coefficient K1 is determined from 

U^Sr^t^^^'Z^J? Z T^'^T^'J^^ ■ ^'"^"y' ^ ^"9"'^^ e^*"^'^ - is calculated 

fromEq. (4) and the K1. is determined in 863. and Eq.(lO) below, and the obtained estimate <o is stored in the RAM 8c. 

o) = K1 . (Va ^ - la . Ra)/Ke (10) 

«ccorrf«nr!"r«h T M^IJ^^ ''^^^'^^ ««'<="'a«"9 « motor angular velocity estimate a> in 

r f?- atfributaWe to the error in armature resistance 

Ra IS proportional to the motor current la and increases with an inaease in meter cun-ent la as shown by Eq (5) That 
IS. theoftset of motor angular velocity estimate « increases with an increase in motor current la. Generally if the voltage 
^ '^r^i^T « a relation between the motor current la and the motor angular velocrty 

com such that the motor angular velocity <om decreases wfth an increase in motor current la as shown in FIG 8 
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t« o i . LTJ^" a heavy current lows through the motor 1 . ft is advisable to clip the motor angular velocity estimate o> 
°sns '5! ^T'^' ""^y ''^ »° « = 0 '"'hen the detected value of motor cuiren^ 

IS advisable to multiply the motor angular velocity estimate to determined from Eq. (4) by a coefficient k\ that is 1 fw a 

2S2?nTn";,r T» 'T"* = ° ^"^ ° '^"•^ ^" ^-^^ ^e'"^"* o motor cu rent la- 

h!.!^.^ . ; ' "^"""In ' ''^^ *° empirically select K1 in such a measure that the value of K1 is 1 fb^^he 

detected value of motor current la''- = o and becomes 0 at least for the detected value la- equal to the l«i< cuaem 
Imax during the 1 00% duty driving time of the motor l . 

Further. Eq. (4). K1 andthedetected value of motor current la^ are employed in calculating « but the motor current 
target la' may be employed in place of the detected value of motor current la- if the response of cu^eri <SS mea^^^^^ 
10 can be regarded as being speedy enough. Then, there is an advantage that the calc\3ated coTnoJ^aSS by me 
noise contained in the detected value of motor current la»"». " ««'eo to « noi aneaea Dy the 

In this way. when determining a motor angular velocity' estimate to in accordance with the method of the oresent 
mvention. the square wave component is removed from the motor-applied voltage in the motor-iSi^^iSge dS^^^^ 
circuit 5 and acco«lmgly further software calculation becomes simple and the sampling frequency Sn be ateo setTo a 

rkresrmrse^ititrir^.""" 

thp f "^"T acceleration calculation means 12 calculates a motor angular acceleration estimate d««t from 

r^^^l. H k!^'*^ T'"^'^ " '"^'"^ ^"^alar velocity calculation means 1 1 . This caicu^n Z 

cedure v«il be described refernng to the flowchart of FIG. 9 and the block diagram of FIG. 1 0. Futher the blSHLgram 
of FIG. 10 functionally represents the procedure of S92 to S94 out of the flowchart of FIG 9 «o««<"agram 

By these calculations, the frequency characteristic of FIG. 1 1 is obtained. That is if fc 1 is set near th*> r««««ne^ 
frequency (e.g 5Hz) needed for the steering system, the differential chararter^rc o^ ^O^B^L can be ^JsSS^ 
the frequency band where inertial feeling of the motor becomes a matter of concern. Furthermore rffc aTsSlfc^ 
o« the unnecessary band (e.g.. above 5Hz) for the control of the steering system, it also beo^^S pos^ble o 
the noise of motor angular acceleration estimate dcoTdt at the same time ««»mes possioie to suppress 

When there is no need to promote the gain in motor angular acceleration calculation means 12 the steo S93 is 
unnecessary and the frequency characteristic of FIG. 12 is obtained when this step is omitted 
r^nt compensating current calculation means 13 calculates a Coulomb-friction compensating cur- 

V?l Coulomb friction of the steering system and for improving the ^eSna SJ^I 

^'J^ ""tor angular velocfty estimJe « anTth^vS 

mo^J '=t"^J^*'°". P^«=«*"^« described referring to the flowchart of FIG. 13 and to FIG 14 he 

motor angular velocrty estimate <o calculated as mentioned above is read and the vehicle speed vrJculS in a 
predetermined method in SI 31. Then, a Coulomb-friction compensating current target Ic is d?ermine^?om he^oto^ 
angular velocrty estimate co and the vehicle speed Vs is determined in accordance 4h a prede^^mSf teSe in Si 32 
FinaHy the afbresa«l Coulomb-friction compensating current target Ic is stored into the RAM in Ii33 

Atable for determining Ic is so arranged, for example as shown in FIG. 14. that current clipped to a definHe value 

««eeds the a predetermined value <o1. Here, the clip value Ic 1 of current is set in such a rnanner that the sSertna 

Lc:^^nTt^::2to^r^*°^^"^"^^"'"^^^^^ 

In this way. when the motor 1 is rotated by the steering of a driver or the self-aligning torque of a tire a definite 
cu^ent f tows in the rotational direction of the motor and thus an operation such as K the Coutom? frteTon ofThe steerino 
Som«?ii •« T'f "^^^ "^««'«"'ent in steering wheel rZnTJu^^^^^^ 

becomes possWe. Incidentally, the value Ic may be constant independently of the vehicle speed Vs but if theSe te 
50 arranged so that the value of current decreases with an increase in vehicle speed Vs as shovJh FIG irtl^e wtS^^ 

return atlowvehjclespeedcanbeimprovedandfurtherthefeelingofste^ ® 

Simnarty. although the aforesaid threshold tol may also be constant independent of vehicle speed Vs but mav be 

55 FIG. 14. the swinging of steenng wheel at high vehicle speed can be prevented 

tam^ld faT'^Jn!'?"" ^"T^r^""^ calculation means 14 calculates a viscous-friction compensating current 

target Id for gmng a viscous feeling to steering feel and enhandng the convergence of steering wheel return liMv to 
worsen especially at high vehicle speed from the motor angular velocity estirnate <o and the ve^cle sS^ Vs ^hfe 
procedure will be desaibed by referring to the flowchart of FIG. 1 5 and to the characterisBc dra^ng FIG 1 6 
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determined from the motor angular ve o^ estimate Tand ^^luiH^Z'^JlT'^ compensating current target Id is 

angular velocity estimate ox In tWs waT^hen ^^^^^^^^ "^""^ "'otor 

of a tire, the viscous-friction coiroe^Sno cCrlp^^^^ ^ ^^^""9 °' ^ ^"^^^ °' self-aligning torque 

mthe opposite directio?tX':Sron7dSn^ 

addittriSg^hT:^^^^^^^^^^^ 

feel, an improvement in steering wheeTr^l^?^^^^^ IS! SiS k"^ P"^^"" ^*^«""9 ^ of steering 

may be constant independent of v2tele^^ Jf ifTh^th? ' ^"^°"9'' ^'^^ Sain Id/^ 

increase in vehicle speed Vs as sh^^ fn R?^6 VI wisen inl oflf f '""^ 

prevented. At middle and high vehicle s^e«^^a s^liL ft^^ nT f ^e^""^" a* vehicle speed can be 

feeling can be imparted to JheTeer^Tsv^ em^^l ° "^^7^ accompanied by a viscous feeling and reactive 
feeling of steerinTcan be ?ur!l^ierenhancS ^^^'^enoe of steering wheel return can be improved and the 

Characteristic drawing of FIG 18 FLt^r,^to7laullT ^'""^ *° '^^ and to the 

is read and the vehicle speld Vs c^L lateH T"^'^ "^"^ '^^""^'^ '"«"«0"ed above 

compensating current ia^^rJror^lT^or a^fZZ r '"'f^^'^"^^ '^^^ Sl71. Then, an inerta 

accordance with a predet^iied Swe1nT^?2 SSv iH^Ir "^'^ " ^"'"^'^ ^« determined in 

8c in S173. 'neo tawe in S172. Finally, the inertia compensating current target Ij is stored into the RAM 

thatl^el^^opoZLn^^^^^^^ 

acceleration estimate doVdt. In this way. Zen t^v^nr^^tt^.^r "I *w °^ '""♦^^ 

Of a tire, the inertia compensating curreirteroe^^^i oT^rJon^ ^^^^^ , ? °' ^ °' self-aligning torque 
in the acceleration dirertion of thV3r 1 ^SSTsSch an ^eSiI ^inS^ '''"'^^i"°" ''"^^ ^^^^ 

of the steering system had decreased, and an wSnaIn thf rnSfifS ''^'^°"^««,PO^'»"e as H the inertial moment 
of the motor 1 to the steering system can be prevS^ connection 

toadrt^thTg^lSvIr^^^^^^^^ 

increase in vehicle speed Vs. the stee^g holS^^e tncr^sL^^^^ ''°"k "1 ^"^^'"^"fy. an 

steering system worsens. Thus the oain Md^/ZZZ L f^ there occurs a bad effect that the response of the 
is so arranged that the gain i/fdSirc Lase^ra^ fn^STc? ^ ^^^cle speed Vs but if the table 

mentioned worsening ofrespinse can be iiSeS^ ^ ! L" ''^ '^'Q- «bove- 

a driver without wor^ning tfe r4?,;^:rrnTnS^^^^^^ 

inthra^SgrsrrraX"^^^^^^^^^^ 

The motor current target l^determSv addl tL^^^^^^^^ ^" '"^^^^ ^^''^^ ^^^^ Vs. 
cous-friction compensating current tSgeT ,^^^^^^^^ cunent target Ic. the vis- 
current- target Is for statically assist^^^tt leerinXroi^t^^^^ '^'^^ ^"^ "^^"""^ ^'^^ 
jn^olbycurrentcontrolm^ns 10tS.rSr.T^^^^^^^ 

to the differential operation?estim2^^ra ,SSr1ni^^^^ 

the motor angular acceleration d«/at aiJl the mitor Cula^elSl Ll-^^^^ 1"'°*'"' 

lower sampling frequency and a more^e^eXlcPU^n^V accurately calculated even for a 

In addition, bemuse of an ari^geSorS^^^^^^^^ ^"^^"^ » conventional apparatus. 

current la. the effect of the armature re^^a^S lSS^ nS*^^^^ 
with a conventional apparatus. Fu^iSore bSa"^^^^ 

basis of the motor angLter vetocity eSmate calSe^^ o compensating the Coulomb friction on the 

vehi.espeedcanbeUov«,wi;h^or:e?s;;;^T^^^^^^^^ 
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Embodiment 2 
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IS 



20 



«n„. 1?« °r • *° ««ect Of an error contained in the armature resistance Ra on the motor 

fhp^^ or^M*! '"^"'^ '^"PP^ »° 0 when a heavy current flows through 

the motor 1. However, consrdermg that fast steering is impossible for a large steering torque, the motor angular "elocHv 
estimates may be clipped too when the steering torque is large. e muior anguiar velocity 

«K ^* *^ ^''^ 1!!.°**" "^^^ ^"^^^ ^® to 0 ^f^e steering torque exceeds a predetermined 

ir'-l^r* *°r^,* ^ ""^"^^ ^"^"'^^ ^^^-^^^^ the correction coSent Kf r^y £ 

TIn!^J Z T"^ "^^^ '^"^ «s Embodiment 1 as shown in fIS 19 

.»...?oS ^ e'ectrically-operated power steering controller is often given with an error 

valueofsteymg assist current target isat each vehidespeed. Thus. BHhough it mayifelt that therewoiJdb^^^^^ 

for a large steering torque Vt so that the norm tor an electrically-operated power steering controni cTnoJbe 

on account of the offset of motor angular velocity estimate co if current determined by statically addfnoThe cS omS 

fnctioncompensat,ngcurrenttargetlcandtheviscous-frictioncompensatingcurremtarge^ 



Embodiment 3 



as 



30 



In Embodiments 1 and 2, to suppress the effect of an error contained in the armature resistance Ra on the motor 
angular ve^city estimate <^ the motor angular velocity estimate o 

F^G'Sif^^^lT^r^j^''^ ■ ' ^^"^"^^ *° ^"PP"' "^^'^^ ^ P^^leterminei hreshold'^^K 

al^ Siru^tirhratSSSrlsL^^^^^^^^ °* ^"^"'^^ ' ^ ^""-^'-nt 3. FIG. 

h.H^.l'l^r 'fT'V^ '^"^ °* °P«^««°" "^o^ angular velocity calculation means 1 1 will 

cu,reX- in £ot tJl c^^^^^ 

current la in S201 . the constant data of armature resistance Ra is read and motor-induced voltaae constant « 
read from theROM 8b lnS202andamotor angular velocity estimates, is calc^^^^ 

currem'Ta-^adintS^^^^^^ 

current la read in S201 and clip the motor angular velocity estimate <o determined in S205. S206 and 5203 below 
the aforesaid threshold «>TH. Rnally. in S207. store the obtained estimate «> m the RAM 8c 

Here, the la^^ - toTH table and <oTH will be described in detail. In calculating a motor angular velocity estimate a> 
■n accortance wm, Eq. (4). an enor in motor angular velocity estimate o, attributable to an eiror in arSeS2?anc^ 
r.^^r^^'T' ^"""^^ *^^9et la as shown by Eq. (5). Accortlngly. it Is thought that. tfX mrtS a^uS 

ve ocrty estimate a> determined from Eq. (4) is clipped below the threshold <o approaching to 0 w^^h an inCTlas^Tthe 

th» »the voltaoe applied to amotoris constant, however, there is a relation between the motor current la and 

the mrtor angularvelocrty .xn when the motor angular velocity <Dm decreases with an increase in rrmi^cZZtoZ 
? ®- • " '° ^"^'"^"y ^ '" ^'^ « "^^'^ ^•'at a value of thresh^^ms gr^tS 

srLriTu':;;^^^^^^^^^ 

the steenng torque Vt rather than from the detected value of motor current la-« as wHh EmbcSimert f ^"™""' 
Eml)odiment4 

« r^^T " °* ^"^"'^ estimate o> is corrected as with Embodiments 1 to 3 there are for a 

S^Zl^TlT^'^ T"" 'f '^""^ °' ^"^^ ^^sistance Ra^^SrTon the 

SJ^H^J ^""""y ^'^O' "«tor angular veloc^ estinSe ^ 

attrib^atole to an en-orinarmature resistance Ra is proportional to themotor^ 
anoffeetis OMisideredtobe relatively small(e.g..2to3bits^^ 

55 sZnA"*"""'"*" ' '° 'i^"™"^ '"^^ « predetermined threshold, the ^e prSl fe lo £ 

55 solvable by an anrangement of clipping coto 0. k ^ wns^iaerea lo oe 

If a motor angular velocity estimate o is calculated as with this embodiment, the offset of motor anaular velocHv 

f^rS c " "^'"^r " ^"'"''"''^ '"^^ "^"^^^ ^"^""^ ^" ^^'^^^^^ thereby enabling thrpXm o^^^^^^ 
ncjon compensating current target Id becoming large due to the offset of motor angular velocity estin^te i aS^iie 
frictional feeling increasing, especially at slight steering inputs to be solved. ® 
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Embodiment 5 



10 



IS 



calculated as with Embodimente 1 to 4 (=^Z may be tTSn ai m^^^^^ ! 

filtering thereof at a predetermined cutoff Ir^^tte wafZ 2Lt ^1" r"^"^ ^'"^'^ " ^^'S^'P^^ 

completely removed. Tequency. in this way. the offset of motor angular velocity estimate w can be 

TKue. espedally when fte Couloa«^,S^TiSrof,S2l "* Is s« low. 



Embodiment 6 



20 



25 



30 
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45 



velocrty estimate «> is removed by differentiation T^b^nanaT^n^ ^^^^^ ^'"^^ °' motor angular 

con-ection in motor angular velocity calculatior^eaTl 7 to ?ou^^b f^^ - after 

13 and viscous-friction compensaJng current <^lMn ^^^T.^T"^^^ calculation means 
before correction to motorangulara^leration^cu^fcnm^^^^^ 
accelera.onestimated.dtisprevented.ombeingbad.yaffJSS;^rr^^^^^^^ 
Embodiment 7 

nop^emr^TrLryTc^Z"^^^^^^^^ 

angular acceleration estimate doSt shS arS co^sZin iH^J oha^- ^''^^ ""o*" 

estimate <o and the motor angular acceleration Sti^trlvSif^ l??®^*'® '"O*"^ «"9"te^ velocity 

steering taKen as one example. FIG. 2s t^ZitT£^eS^lZ''' *° °- ^'"^ « -"e-w.ve 

steering:ylX("J:g'.!°;„^s%^^^^^ ? ^'^^ than the response frequency of the 

to be set low (e.g.. Ihz) fo:^s!^\^^:ZTs^XZ^^ '^"^^ above frep?encyTc 2 ^Is 

example, when the motor angular velocitv estimat; ^ anH 12 ? T ° ^"9"'®' acceleration estimate do/dt. For 
difference. »heviscous-tric«r^mSi„Jc^^^^^^^^^ estimate d<u/dt agree in phase 

the inertia compensating current target Ij cancel eacf^ o£ tS Sn^?? angular velocity estimate a. and 

For solving this problem as shwn in FIG »1 o«f ° conpensating current flows, 

determined as descr^Led in ES,SrnS 7?oT^^S%:'^Zi:^::T' ^"^"'^^ - 

or vscous-friction compensating current calculLon mean^MaT^^^^ ^3 
•s advisable to set the cutoff frequency of the aboJe l3asl «lter « ^r^^ " .^'^ ^"^^ "^"P^^ «"«""9- « 
the motor angular velodtyestirSte CO and the moran^^^^^^^ 

at much the same frequency as fc2 above In this wT?.e mc5nT?lT f^'^*®.'*'^* »»"'"es an issue, for example, 
acceleration estimate daVdt can be prevented fram aofirn^^ ^^^'"'^te a> and the motor angula 

vidual compensating currents can be ma^S^^°noS ^ between indi- 



Embodiment 8 



so 



55 



conta"::?inTe"d"e^e^~S,r^r^^^^^ '^et ^"^"'^^ ^'^^"^ ^^^'^ » - 
acceleration estimate da,/dt and cannot b^remoJL even by a ch^noe Tn t^Z^ °" ""^"^ 

acceleration calculation means 12. In such casesltTS^l^ZVrTV^^!:!!"^. characteristic of motor angular 
CD is arranged to be clipped to 0 when the ^anaoTZ J^ consKlered to be solvable on the condition that 
Embodiment 1 is below a Predetern."^;S;.d as sh^^^^^^ «'-'*>tmp) calculated as in 

tothe^igh^uSXSsr^^^^^ 

problems as vtoration In the steering wheel near TneiSS So" S^SL'SS'"' 
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Embodiment 9 

Embodiment 1 was so arranged that the current Ic clipped to a definite value depending on the vehicle speed Vs 
flows through in the same direction as the motor angular velocity estimate a> when the motor angular velocity estimate 

5 CO exceeds a predetermined value o>1 . Here, on considering that noise is contained in the motor angular velocity estimate 
o). an erroneous operation seems less likely to occur for a greater o>1 . However, for a greater col , the Coulomb friction 
of the steering system is not sufficiently compensated and there would occur such problems that the steering wheel 
cannot completely return to the neutral position especially at low vehicle speed. In such cases, it is advisable to attach 
a hysteresis to the threshold col as shown in FIG. 28. 

10 If the Coulomb-friction compensating current target Ic is calculated as with this emlxxJiment, the noise component 
of motor angular velocity estimate o> can be prevented from affecting Ic without worsening the steering wheel return at 
low vehicle speed. 

Embodiment 10 

15 

In Embodiment 1» the current Ic clipped to a definite value depending on the vehicle speed Vs is arranged to flow 
through in the same direction as with the motor angular velocity estimate co when the motor angular velocity estimate a> 
exceeds a predetermined value co1 . but the gain Ic/co may be changed depending on the vehicle speed Vs and the motor 
angular velocity estimate ox 

20 For example, as shown in FIG. 29, if Ic near to = 0 is set to smoothly rise at a predetermined gain relative to the 

motor angular velocity estimate co^ a radical change in motor current target near the neutral steering wheel position can 
be prevented and such problems as vibration of a steering wheel can be also prevented. In addition, for example, as 
shown in FIG. 30, if Ic near co = 0 is set to increase, the effect of static friction in the steering system can be alleviated 
to some extent. 

25 

Embodiment 1 1 

In Embodiment 1 . the Coulomb friction in the steering system is anranged to be compensated depending on the 
motor angular velocity estimate ca In other words, unless the motor begins to rotate, no current for compensating the 
30 friction flows and the static friction is not compensated. Accordingly, some drivers have felt unnaturalness in steering 
wheel return, especially at low vehicle speed. In the present invention, the static friction cannot be completely compen- 
sated because no means lor detecting the steering angle is provided, but if static- friction compensating current is 
arranged to be calculated depending on the differential value of the motor angular velocity estimate co, the effect of static 
friction can be alleviated. 

35 FIG. 31 is a block diagram representation of static friction compensation In this embodiment. FIG. 32 is a flowchart 
illustrating the operation of software. First, the motor angular velocity estimate co and the vehicle speed Vs is read in 
S321 . Then, differentiate the motor angular velocity estimate co in differential calculation means 19 and extract the rising 
edge in S322. Here, co^dg (s the differentiated motor angular velocity estimate co. Finally, the static-friction compensating 
current target If is determined from <o^g and Vs in accordance with a predetermined table of static-friction compensating 

40 current calculating means 20 in S323 and the static-friction compensating current target If is stored into the RAM 8c in 
S324. 

A table for determining the static-friction compensating current target If is arranged, for example as shown in FIG. 
33, so that current clipped to a definite value depending on the vehicle speed Vs flows through in the same direction as 
with Wedge when to^dg exceeds a predetermined value (o^dgev Here, the clip value of current If 1 is set in such a manner 
45 that torque ca be generated for compensating statistical friction of the steering system increased by connection to the 
motor. 

In this way, when the motor 1 is rotated by the steering of a driver or the self-aligning torque of a tire, current flows 
for a short period in the rotational direction of the motor 1 and thus an operation such as if the static friction of the steering 
system had been reduced becomes possible, so that there is a further improvement in steering wheel returnability and 
50 feeling of friction over that of Embodiment 1 . 

Further, although the static-friction compensating current target If may be constant independent of vehicle speed 
Vs but, if the table is arranged that a value of current decreases with an increase in vehicle speed Vs as shown in FIG. 
33. the worsening of convergence in steering wheel return at high vehicle speed can be prevented, the steering wheel 
returnability at low vehicle speed can be improved and the steering feel can be futher enhanced. 
55 Similarly, the aforesaid threshold co^dgi rnay also be constant independent of vehicle speed Vs but may be changed 
depending on the vehicle speed. For example, if co^^i is set to increase with an increase in vehicle Vs as shown in FIG. 
33, the vibration of the steering wheel at high vehicle speed can be prevented. 

As shown in FIG. 31 . the motor current target la* is calculated by adding the static-friction compensating current 
target If determined in this manner to the Coulomb-friction conrtpensating current target Ic determined from the motor 
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to 21 h determine the filter constant. Incidentally, parts other than those mentioned above are the same as with Embod- 
iment 1 and the description thereof will be omitted. 

FIGS. 38 and 39 show the DC characteristic and the frequency characteristic of the motor terminal voltage detection 
circuit 21, respectively 

FIG. 40 is a flowchart illustrating the operation of software for calculating the motor-applied voltage from the motor 
terminal voltage. 

Here, the motor terminal voltage detection circuit 21 will bedescrlbed in detail. In FIG. 37. setting the drcuit constants 
as follows: 

R13 = R23=R3 (11) 

R14 = R24=R4 (12) 

R15 = R25=R5 (13) 

C12=C22 = C2 (14) 

the relations between V1 1 and V12 as well as between V21 and V22 of detected motor terminal voltage values in the 
s-region (s: Laplace's operator) are expressed as in the following Eqs. (15) and (16): 



V12 = Vcc - R4 • R5/R6+V1 1 • R3 • R4/R6/(1+C2 • R3 • R4 • R5 • s/R6) (15) 

and 

V22 = Vcc • R4 • R5/R6+V21 • R3 • R4/R6/(1+C2 • R3 • R4 • R5 • s/R6) (16) 

where 



R6 = R3 • R4 + R4 • R5+ R5 • R3 (17) 



Eqs. (15) and (16) reveal that VI 2 and V22 are voltages obtained by dividing VII and V21 by R3 • R4/R6, 
respectively, attaching the first order retardation characteristic of a time constant C2 • R3 • R4 • R5/R6 to it and adding 
it to the DC bias voltage Vcc • R4 • R5/R6 . That is, the DC characteristic and the frequency characteristic are obtained 
as shown in FIGS. 38 and 39, respectively. 
35 In Eqs. (1 5) and (16). letting Vcc be a constant voltage (e.g.. 5V), resistors R3. R4 and R5 are set in such a manner 
that the volt rage (e.g.. -12 to 12V) of V1 1 and V21 is level-changed into the input volt range (e.g.. 0 to 5V) of the A/D 
converter 8f. 

Since V1 1 and V21 also turn into square waves as with the motor-applied voltage Va, capacitor C2 Is set in such a 
mannerthatthecutofffrequency fc = l/(2n- C2 • R3 • R4 • R5/R6) is sufficiently lower than the PWM carrier frequency 
40 (e.g, . 20kH2) and suff icientiy higher than the motor response frequency (e.g., some one hundred Hz). In this way. a band 
wide allowing the control of the steering system is secured and the detected motor terminal voltage values Vi2 and 
V22, from which the respective square wave conponents of V1 1 and V21 have been removed, can be Input to the A/D 
convertor 8f. 

Next, a method for calculating the motor-applied voltage Va from V1 1 and VI 2 wHI be described. On applying the 
final value theorem to Eqs. (15) and (16). V12 and V22 are expressed on the DC scheme in the following Eqs. (18) and 
(19). respectively: 



V12 = Vcc - R4 • R5/R6 + V1 1 • R3 • R4/R6 (18) 

so and 

V22 = Vcc • R4 . R5/R6 + V21 • R3 • R4/R6 (1 9) 

Seeing that in FIG. 37 



Vas:V11.V21 (20) 
the motor-applied voltage Va is determined from tiie following Eq. (21) by substituting Eqs. (18) and (19) into Eq. (20): 
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Va = (V12 • V22) • R6/(R3 • R4) (21) 

That Is. It Is only necessary to calculate the motor-applied voltage Va from the detected motor terminal voltage 
values VI 2 and V22 in the CPU 8a based on Eq. (21). 

5 Furthermore, the operation of software to determine the motor-applied voltage Va from the detected motor terminal 

voltage values V12 and V22 will be described along the flowchart of FIG, 40. First, the A/D converted data of detected 
motor terminal voltage values VI 2 and V22 is read in S401 . Then, a motor-applied voltage Va is calculated in accordance 
with Eq. (21) In S402. Finally, the calculated value of motor-applied voltage Va Is stored into RAM 8c in S403. 

Thereafter.it is advisable to calculate a motor angular velocity estimate co and a motor angular acceleration estimate 

10 doVdt by using the motor-applied voltage Va calculated In this manner and to control the motor 1 as with Embodiment 
1, As described above, according to this embodiment, a high speed CPU need not be used and the OP amplifier can 
be omitted in contrast to Embodiment 1 because of the arrangement when the motor terminal voltage, from which the 
square wave component attendant on the PWM drive of the motor has been removed, is detected by using hardware 
and the motor-applied voltage is calculated by using software. 

75 Furthermore, In the motor-applied voltage detection circuit 5 of Embodiment 1, since the common mode of motor 
terminal voltage Is removed by using the OP amplifier 5j, although a failure state when each terminal voltage of the motor 
changes at the same phase, e.g.. when a motor line Is grounded by when power MOSFET's 7a to 7d are OFF, cannot 
be detected, by using the motor terminal voltage detection circuit 21 enables each terminal voltage of the motor can be 
monitored In CPU 8a, so that detecting the above-mentioned failure becomes possible and the capability to detect a 

20 failure Is advanced. 

In using the motor-applied voltage detection circurt 5 for detecting a failure of the motor, it Is preferred to install a 
current detecting resistor 4a on the power supply side for promoting the capability to detect a failure as with Embodiment 
1. However, using the motor terminal voltage detection circuit 21 of this embodiment will enable the current detecting 
resistor 4a to be connected in series to the motor and the sample hold circuit 4b to be omitted, so that cost-saving 
25 become possible. 

Claims 

1 . An electric power steering apparatus comprising: 
a motor connected to the steering system; 

PWM control means for driving and controlling said motor on the t>asis of a PWM modulated control signal; 
motor-applied voltage detection means having a low pass characteristic for converting the detected voltage 
applied to said motor to a predetermined level after removing said PWM carrier frequency component therefrom 
with the aide of the low pass characteristic and outputting the resultant voltage wherein the cutoff frequency is set 
to be below the PWM carrier frequency contained in said control signal; 

angular velocity estimation means for estimating the angular velocity of said motor on the basis of the detected 
motor-applied voltage; and 

current value calculation means for calculating the current target of said motor on the estimated result of 
angular velocity. 

2. An electric power steering apparatus comprising: 
a motor connected to the steering system; 

PWN control means for driving and controlling said motor on the basis of a PWM modulated control signal; 
motor terminal voltage detection means having a low pass characteristic for converting the detected terminal 
voltage of said motor to a predetermined level after removing said PWM carrier frequency component therefrom 
with the aide of the low pass characteristic and outputting the resultant voltage wherein the cutoff frequency is set 
to be below the PWM carrier frequency contained in said control signal; 

angular velocity estimation means for estimating the angular velocity of said motor on the basis of the detected 
motor terminal voltage; and 

current value calculation means for calculating the current target of said motor on the estimated result of 
angular velocity. 

3. The electric power steering apparatus as set forth in Claim 1 wherein 
the motor angular velocity estimate is clipped below a predetermined value in accordance with a cun-ent 

ss through said motor. 

4. The electric power steering apparatus as set forth in Claim 1 wherein 

the motor angular velocity estimate is clipped below a predetermined value In accordance with the steering 
torque. 
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5. The electric power steering apparatus as set forth in Claim l wherein 
below s^rT:^:^^'::^'' " ' ' °' -9"'- --.eration is 

6. The electric power steering apparatus as set forth in Claim i wherein 

7. The electric power steering apparatus as set forth in Claim i wherein 
the motor angular acceleration is estimated by differentiating the motor angular velocity estimate. 

8. The electric power steering apparatus as set forth in Claim 7 wherein 

the differentiation processing has a band pass characteristic. 

IS 9. The electric power steering apparatus as set forth in Claim 8 wherein 



10 



20 



25 



30 



processing. 

10. The electric power steering apparatus as set forth In Claim 7 wherein 
^^^^^ the motor angular acceleration estimate is Clipped toOifthec^^^^^^ 

11. The electric power steering apparatus as set forth in Claim 3 wherein 

12. The electric power steering apparatus as set forth in Claim 1 1 wherein 

1 3. The electric power steering apparatus as set forth in Claim 1 1 wherein 

14. The electric power steering apparatus as set forth in Claim 3 wherein 
velocity'2;;2te~"*'°' °" '''^""^ ^'^"'^ ''^ "^^^^ ''^<^ oi the motor angular 

15. The electric power steering apparatus as set forth in Claim 14 wherein 

16. The electric power steering apparatus as set forth in Claim 3 wherein 

angular:S:r i;;^^^. °" ""^^ ^"^^ ^^^^^'^ Po^«- ^eedbac^ of said 

17. The electric power steering apparatus as set forth in Claim 16 wherein 
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